Electrical stimulation of the cerebellar fasti gial nucleus (FN) increases CBF and reduces brain dam age after focal ischemia. We studied whether FN stimu lation "protects" the brain from ischemic damage by in creasing blood flow to the ischemic territory. Sprague Dawley rats were anesthetized (halothane 1-3%) and artificially ventilated through a tracheal cannula inserted transorally. CBF was monitored by a laser-Doppler probe placed over the convexity at a site corresponding to the area spared from infarction by FN stimulation. Arte rial pressure (AP), blood gases, and body temperature were controlled, and the electroencephalogram (EEG) was monitored. The stem of the middle cerebral artery (MCA) was occluded. After occlusion, the FN was stim ulated for 60 min (100 f.LA; 50 Hz; 1 s on-l s oft) while AP was maintained at 97 ± 11 mm Hg (mean ± SD) by con trolled hemorrhage. Rats were then allowed to recover, and infarct volume was determined 24 h later in thionin-Electrical stimulation of neural pathways travers ing the region of the cerebellar fastigial nucleus (FN) increases CBF globally in brain (Nakai et aI., 1983; Chid a et aI., 1989). In most regions of the cerebral cortex, the increases in CBF are not asso ciated with corresponding increases in glucose uti lization, suggesting that the vasodilation is not sec ondary to increased metabolic activity (Nakai et aI., 1983). Furthermore, the neocortical vasodilation is mediated by activation of central neural pathways, which, in turn, leads to the local release of the va sodilator nitric oxide (NO) (Iadecola et aI.
stained sections. In unstimulated rats (n = 7), proximal MCA occlusion reduced CBF and the amplitude of the EEG. One day later, these rats had infarcts involving neocortex and striatum. FN stimulation after MCA oc clusion (n = 12) enhanced CBF and EEG recovery [61 ± 34 and 73 ± 43%, respectively at 60 min; p < 0.05 vs. unstimulated group; analysis of variance (ANOY A)] and reduced the volume of the cortical infarct by 48% (p < 0.05). In contrast, hypercapnia (Pco2 = 64 ± 4; n = 7) did not affect CBF and EEG recovery or infarct volume (p > 0.05). Thus, FN stimulation, unlike hypercapnia, increases CBF to the ischemic cortex, improves recovery of electrical activity, and reduces tissue damage after MCA occlusion. These findings support the hypothesis that FN stimulation reduces ischemic damage by enhanc ing collateral flow to the ischemic territory. Key Words: Cerebellum-Middle cerebral artery-Cerebral blood flow-Laser-Doppler flowmetry-Rat-Hypercapnia.
Recent studies have demonstrated that stimula tion of the FN reduces the size of the infarct result ing from middle cerebral artery (MCA) occlusion in rat (Reis et aI., 1991; Zhang and Iadecola, 1992) . The "protective" effect is restricted to the cerebral cortex, the region in which the cerebrovasodilation is not associated with an increase in local metabolic demands (Zhang and Iadecola, 1992) . Furthermore, the volume of tissue spared from infarction is more pronounced after distal than after proximal MCA occlusion (Zhang and Iadecola, 1992) . Since the po tential for collateral flow is likely to be greater after distal occlusions, these observations indicate that FN stimulation may ameliorate ischemic brain dam age by enhancing collateral flow to the ischemic territory without increasing local energy require ments (Zhang and Iadecola, 1992) .
Therefore, we sought to determine whether FN stimulation increases CBF to ischemic tissue that is spared from infarction and, if so, whether the effect is associated with an enhanced recovery of sponta-neous electrical activity and a reduction in infarct volume. For comparison, we also studied whether increasing CBF by hypercapnia exerts a similar pro tection against cerebral ischemic damage. We found that FN stimulation, but not hypercapnia, increases CBF to the ischemic territory, enhances the recov ery of the EEG, and reduces the extent of brain damage after MCA occlusion. The findings support the hypothesis that the FN protects the brain from ischemic damage by enhancing collateral perfusion and improving CBF to the ischemic territory.
METHODS
Methods for MCA occlusion, electrical stimulation of FN, recording and analysis of the electroencephalogram (EEG), monitoring of CBF by laser-Doppler flowmetry (LDF) , and determination of infarct size have been de scribed in detail in previous publications (Iadecola, 1992; Zhang and Iadecola, 1992; 1993) and are only summarized here.
General surgical procedures and procedures for FN stimulation
Studies were conducted on 44 male Sprague-Dawley rats weighing 300-400 g. Anesthesia was induced with halothane (5% in 100% oxygen) administered through a facial mask. When deeply anesthetized, rats underwent transoral tracheal intubation using a method modified from that of Thet (1983) . Briefly, the tongue was de pressed using a spatula while the larynx was displaced posteriorly by applying slight pressure on the ventral sur face of the neck. The epiglottis and vocal cords were visualized with the aid of a fiberoptic illuminator, and a polyethylene catheter (outside diameter, 2.8 mm) was gently advanced through the oral cavity into the trachea. A slight resistance was usually felt as the catheter passed through the vocal cords. After insertion, the endotracheal catheter was left in place. Both femoral arteries were then cannulated as previously described (Zhang and Iadecola, 1992) . Rats were placed on a stereotaxic frame (Kopf) and artificially ventilated with 100% O2 by a mechanical ven tilator (Harvard Apparatus Rodent Respirator). Ventila tion with 100% O2 was necessary to compensate for any loss of oxygen-carrying capacity resulting from controlled exsanguination during FN stimulation (see Experimental protocol). Furthermore, in preliminary experiments we found that ventilation with 100% oxygen facilitates the recovery of the animals after extubation. Animals were not paralyzed.
At this time, the halothane concentration was reduced to 1%. The body temperature was maintained at 37 ± O.soC by a thermostatically controlled infrared lamp con nected to a rectal probe. One of the arterial catheters was used for continuous recording of arterial pressure (AP), mean AP, and heart rate, while the other catheter was used for blood sampling and controlled exsanguination during FN stimulation (see below). Small volumes of ar terial blood (50 /J-l) were sampled at various times for measurement of P a02' P ac02' and pH by a blood-gas an alyzer (Coming model 178).
As described in detail elsewhere (Nakai et aI., 1983; Iadecola, 1992) , the FN was stimulated with stereotaxi cally implanted microelectrodes. Stimuli were negative square-wave pulses delivered from a constant-current J Cereb Blood Flow Metab, Vol. 13, No.6, 1993 stimulator (Grass S88). The ground was a metal clip at tached to the animal's scalp.
Monitoring of CBF and EEG
CBF was monitored in the cerebral cortex ipsilateral to the occluded MCA using a laser-Doppler flowmeter (Vasamedic BPM 403A) (Iadecola, 1992; Iadecola et aI., 1993) . A small hole, 1-2 mm in diameter, was drilled with the assistance of a dissecting scope at a site 2.5-3 mm lateral to the midline and 2-2.5 mm rostral to A. This site was found in preliminary studies to correspond to the region of the cerebral cortex that is spared from infarction by FN stimulation (see below). The dura was left intact, and the LDF probe (tip diameter, 0.8 mm) was positioned 0.5 mm above the dural surface. The analogue output of the flowmeter was fed into a DC amplifier (Grass) and displayed on the polygraph. The EEG was recorded mo nopolarly at a site 2 mm lateral to the midline and 1 mm rostral to the LDF probe. Techniques for quantitative analysis of the EEG have been described previously (Zhang and ladecola, 1992) .
Occlusion of the MCA and determination of infarct volumes
Procedures for MCA occlusion and for determination of the infarct volume are identical to those published pre viously ladecola, 1992, 1993) . The MCA was elevated and cauterized proximal to the origin of the len ticulostriate branches. The occlusion was extended 2-3 mm distally and the artery was transected. Twenty-four hours after MCA occlusion, rats were killed and their brains were removed. The site of CBF recording was marked, and the brain was frozen in isopentane. Coronal sections (thickness, 30 /J-m) were serially cut in a cryostat, collected at 3OO-J.l.m intervals, and stained with thionin. Infarct volume was determined using an image analyzer (MCID, Imaging Research) as previously described (Zhang and ladecola, 1992) .
Experimental protocol
Rats were surgically prepared and the left MCA was exposed as described above. Arterial blood gases were adjusted so that arterial Pc02 was between 33 and 38 mm Hg. In animals in which the left FN was stimulated, an electrode was inserted into the cerebellum at a site 5 mm rostral to the obex and 0.8 mm lateral to the midline (Na kai et aI., 1983). The most active pressor site in FN was then localized using procedures described in detail else where (Iadecola, 1992) . Once the most active site in FN was localized, the electrode was left in place and proce dures for occlusion of the MCA were begun. Occurrence of neocortical ischemia was indicated by a drop in CBF and a 60-80% reduction in the amplitude of the EEG (Fig.  1) . In animals in which the FN was stimulated, stimula tion was begun 3-5 min after MCA occlusion. The FN was stimulated with intermittent trains of stimuli (1 s on-l s off; 50 Hz; 75-100 J.l.A), and the evoked elevations in AP were offset by the slow removal of small amounts (1-2 ml) of arterial blood. Because of this procedure, AP did not differ between stimulated and unstimulated rats ( Table 1) . The FN was stimulated for 1 h. In animals in which the effect of hypercapnia was studied, 5% CO2 was added to the circuit of the respirator 3-5 min after MCA occlusion. Hypercapnia was maintained for 1 h. At the end of the period of FN stimulation or hypercapnia, catheters were removed and wounds infiltrated with lidocaine and su- . CBF was monitored by using a laser-Doppler probe. The position of the probe was chosen in preliminary studies to correspond to the posterior border of the infarcted territory. The EEG was monitored using a screw electrode inserted 1 mm rostral to the CBF probe. At the end of the experiment, the position of the CBF probe was marked and animals were allowed to recover. Twenty-four hours later, infarct volume was deter mined on thionin-stained sections using an image analysis system. The shaded area outlined by the dashed line illus trates the distribution of the infarcted tissue 24 h after MCA occlusion. Note that the CBF probe was located over tissue that underwent infarction. In some animals, the cerebellar fastigial nucleus (FN) was stimulated through microelec trodes positioned stereotaxically (FN stim tured. Animals were extubated and carefully observed during the postoperative period for the occurrence of sei zures. Twenty-four hours later, rats were killed for deter mination of infarct volume.
Data analysis
Data are expressed as means ± SD. Comparisons among multiple groups were statistically evaluated by analysis of variance and Tukey's test (Systat). Differ ences were considered significant for p < 0.05.
RESULTS

Effects of FN stimulation or hypercapnia on CBF in sham-occluded rats
In unstimulated rats in which the MCA was ex posed but not occluded (sham occlusion), CBF was stable throughout the period of monitoring (Fig. 2) . With FN stimulation (100 !-LA; 50 Hz), CBF in creased steadily and remained elevated throughout the stimulation period ( + 103 ± 38% at 10 min; Fig.  2) . Similarly, hypercapnia (P a co 2 = 65 ± 4 mm Hg; n = 6) resulted in a sustained increase in CBF that was comparable in magnitude to that elicited by FN stimulation (p < 0.05 vs. control; p > 0.05 vs. FN stimulation). In these sham-occluded groups, a small area of necrosis in the cortex adjacent to the surgical site was observed 24 h later ( Table 2) .
Effect of FN stimulation or hypercapnia on CBF and EEG after MCA occlusion
In unstimulated rats (n = 7), proximal occlusion of the MCA resulted in an immediate drop in CBF ( -86 ± 17%) and a reduction in the amplitude of the EEG (-67 ± 10%; Fig. 1 ). Sixty minutes later, CBF and EEG had recovered by 11 ± 5 and 25 ± 27%, respectively (Fig. 3) . Twenty-four hours later, these animals had large infarcts involving neocortex and striatum (Table 2 ). In the group of rats in which the FN was stimulated (n = 12), MCA occlusion resulted in drops in CBF and EEG amplitude simi lar to those in the unstimulated group (p > 0.05). However, the recovery of CBF and EEG was sig nificantly greater than in the unstimulated group (p < 0.05 at 40 and 60 min; Fig. 3 ). In these rats, the size of the neocortical infarct 24 h later was 48 ± 36% smaller than in the unstimulated group (p < 0.05; Table 2 ). In contrast to FN stimulation, hy percapnia (P a co 2 = 64 ± 4 mm Hg) failed to influ ence the recovery of CBF and EEG (Fig. 3) or to reduce the size of the infarct resulting from MCA occlusion ( Table 2) .
Relationship between CBF probe and tissue spared from infarction
In all rats, the position of the CBF probe was marked so that location of the probe relative to the area of stroke could be determined histologically. The distribution of the infarcted tissue in reference to the location of the CBF probe in representative cases is illustrated in Fig. 4 . In all stimulated rats, the tissue over which the probe was positioned did not undergo infarction (Fig. 4) . In contrast, in un stimulated animals and in animals subjected to hy percapnia, the tissue located under the probe did undergo infarction (Fig. 4) . Therefore, the pattern of CBF recovery observed with FN stimulation re- flects that of the ischemic region that was spared from infarction.
DISCUSSION
We sought to determine whether the reduction in cerebral ischemic damage afforded by FN stimula tion results from an increase in CBF to the ischemic tissue. To achieve this goal, we developed an ex perimental protocol for occlusion of the MCA while monitoring CBF in the ischemic hemisphere under conditions of controlled AP, blood gases, and body temperature. Using this method, we were able to correlate, in each animal, the changes in CBF dur ing the critical period after MCA occlusion with the histological outcome of the tissue in which CBF was monitored. We found that FN stimulation en hanced the recovery of CBF in the ischemic tissue that did not undergo infarction. In contrast, hyper- Effect of FN stimulation or hypercapnia on CBF in rats in which the middle cerebral artery was exposed but not occluded (sham occlusion). In unstimulated rats, CBF tended to increase slightly over the 60 min of monitoring. However, these CBF changes were not statistically significant (p > 0.05, analysis of variance). FN stimulation (1 00 f.LA; 50 Hz; 1 s on-1 s off) or hypercapnia (Pco4 = 65 ± 4) produced sus tained increases in CBF (p < 0.05 vs. normocapnic unstim ulated group) that were similar in magnitude.
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J Cereb Blood Flow Metab. Vol. 13, No.6, 1993 capnia, a vasodilator stimulus that produces in creases in CBF comparable with those accompany ing FN stimulation, failed to increase CBF in the ischemic territory or to reduce infarct size. The re sults indicate that FN stimulation, unlike hypercap nia, can improve ischemic blood flow and limit the extent of the brain damage resulting from focal isch emia.
The effect of FN stimulation on the size of the infarct and on CBF in the ischemic territory is not due to differences in AP, blood gases, or body tem perature between unstimulated and stimulated ani mals; these parameters were carefully controlled and did not differ between groups. Although brain temperature was not measured in this study, it is unlikely that the protective effect of FN stimulation is due to brain hypothermia (Morikawa et al., 1992a) ; FN stimulation increases CBF and, conse quently, should increase brain temperature, and an increase in brain temperature does not ameliorate but worsens focal ischemic damage (Morikawa et aI., 1992a) . Similarly, the protective effect of FN stimulation is unlikely to result from changes in plasma glucose, because FN stimulation leads to hyperglycemia (Nakai et aI., 1983) , a condition that worsens focal ischemic damage (Prado et aI., 1988) .
An important question concerns the mechanisms by which FN stimulation ameliorates focal ischemic damage. In analogy with other interventions for brain protection (Choi, 1990) , FN stimulation could reduce tissue damage by improving CBF to the ischemic tissue and decreasing the degree of oligemia (hemodynamic mechanism). Alternatively, FN stimulation might increase the resistance of brain cells to ischemic damage by releasing protec tive agents in the ischemic territory, possibly neu rotransmitters (cytoprotective mechanism) (Reis et al., 1991) . The finding that FN stimulation increases CBF in the ischemic territory strongly suggests that the mechanism of the protection is "hemody namic." However, the vascular mechanisms by which FN stimulation increases CBF to the isch- Values are means ± SD (mm3). a p < 0.001 vs. MeA-occluded unstimulated and hypercapnia groups (analysis of variance and Tukey's test).
ernie territory remain to be elucidated. Since FN stimulation increases CBF globally, it is conceiv able that the vasodilation enhances collateral flow to the areas surrounding the ischemic core. Thus, the protective effect may depend on blood flow from cortical anastomoses between distal MCA branches and adjacent vessels not involved by isch emia (Coyle and Jokelainen, 1982) . Another possi bility is that FN stimulation does not permanently protect the tissue from ischemic damage but only delays the occurrence of infarction. Consequently, 24 h after MCA occlusion, the infarcted area would appear smaller in stimulated than in unstimulated rats. This possibility cannot be excluded on the ba sis of our study; however, if it were the case, the effects of FN stimulation would have to be long lasting and, as such, difficult to explain on the basis of stimulation-evoked, transient hemodynamic changes.
Which mediators are responsible for the in creases of CBF in the ischemic territory? Recent data indicate that NO participates in the neocortical cerebrovasodilation elicited by FN stimulation (Ia decola, 1992; Iadecola et al., 1993) . It is therefore conceivable that local release of NO, a potent va sodilator and inhibitor of platelet aggregation (Mon cada, 1992) , improves blood flow in the ischemic territory. Indeed, there is a growing body of evi dence suggesting that NO is beneficial in the early stage of focal ischemia. For example, intracarotid administration of NO donors increases ischemic blood flow and reduces the size of the stroke result ing from MCA occlusion . In addition, administration of the NO precur sor L-arginine attenuates the infarct resulting from MCA occlusion (Morikawa et al., 1992b) . There fore, FN stimulation may increase CBF in the isch emic territory by increasing NO production. On the other hand, NO could protect the tissue from in farction by mechanisms independent of its ability to produce vasodilation and inhibit platelet aggrega tion. NO has been shown to block N-methyl-o aspartate (NMDA) receptors in vitro, possibly by 
CBF acting on the redox modulatory site (Lei et aI., 1992) . Therefore, NO, like NMDA receptor antag onists, might protect neurons from anoxic-ischemic damage (Choi, 1990) . Whether NO attenuates NMDA-mediated neuronal injury, however, re mains highly controversial; other studies have indi cated that NO promotes excitotoxic neuronal dam age (see Dawson et aI., 1991) . Thus, further studies will be needed to clarify the role of NO in anoxic ischemic damage.
In apparent contrast with the hypothesis that NO is responsible for the protective effect of FN stim ulation is the observation that hypercapnia, a va sodilator response that may also depend on NO pro duction (for review, see Iadecola, 1993) , does not increase CBF in the ischemic territory and does not reduce focal ischemic damage in rat, as found in the present study and by Jones et ai. (1989) . However, there are important differences between the vasodi lation elicited by hypercapnia and FN stimulation that should be emphasized. Although both re sponses are attenuated by NO synthase inhibitors (Iadecola et aI., 1993) , the source of NO is different in these two conditions. During FN stimulation, NO is probably generated by cortical neurons contain ing NO synthase (Iadecola, 1992 (Iadecola, , 1993 , while in hypercapnia the source of NO is likely to be in non neuronal cells (Iadecola et aI., 1987; N orins et aI., 1992) . Therefore, the difference between the effect of hypercapnia and the effect of FN stimulation on ischemic damage suggests that the site of produc tion may be an important factor for the effect of NO in cerebral ischemia. On the other hand, the dis crepancy may indicate that NO is not responsible for the protection exerted by the FN and that other factors may be involved.
In conclusion, we have demonstrated that FN stimulation increases CBF to the region that is spared from focal infarction. While the mechanisms of the effect remain to be fully elucidated, the find ings strongly suggest that FN stimulation protects J Cereb Blood Flow Metab. Vol. 13, No.6, 1993 '--' Imm FIG. 4. Stimulation of the fastigial nu cleus (middle) but not hypercapnia (right), led to smaller infarcts after oc clusion of the middle cerebral artery (MCA). The position of the laser Doppler probe used to monitor cere bral blood flow (CBF) after MCA occlu sion is illustrated. In unstimulated and in hypercapnic rats, the CBF probe overlies infarcted tissue; in rats sub jected to FN stimulation, the probe is located over tissue that did not un dergo infarction. The unstimulated subject is shown at the left. the brain from focal ischemia by increasing local production of the potent vasodilator NO and en hancing collateral flow to the ischemic territory. Thus, intrinsic neural pathways acting through NO modulate the expression of cerebral ischemic dam age.
